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Most theories of the origin of biological organization assume that 
polymers with lengths in the range of 30-60 monomers are 
needed to make a genetic system viable 1 . But it has not proved 
possible to synthesize plausibly prebiotic polymers this long by 
condensation in aqueous solution, because hydrolysis competes 
with polymerization. The potential of mineral surfaces to facil- 
itate prebiotic polymerization was pointed out long ago 2 . Here we 
describe a system that models prebiotic polymerization by the 
oligomerization of activated monomers — both nucleotides and 
amino acids. We find that whereas the reactions in solution 
produce only short oligomers (the longest typically being a 10- 
mer), the presence of mineral surfaces (montmorillonite for 
nucleotides, illite and hydroxyiapatite for amino adds) induces 
the formation of oligomers up to 55 monomers long. These are 
formed by successive ‘feedings’ with the monomers; polymeriza- 
tion takes place on the mineral surfaces in a manner akin to solid- 
phase synthesis of biopolymers 3,4 . 

Solid-phase synthesis depends on the ease with which growing 
chains are separated from spent reagents in solution by washing. 
The attachment to the resin must be irreversible, or nearly so. If 
the strength of adsorption of a polymer to a surface increases with 
length, sufficiently-long polymers will be adsorbed almost irrever- 
sibly and can then be extended indefinitely by the prebiotic 
equivalent of solid-phase synthesis. Our experimental approach 
is simple. A mineral is incubated with an activated monomer until 
a family of short oligomers are formed. The solid is separated by 
centrifugation and the activated monomers are replaced. This 
process is repeated as often as necessary for the production of 
oligomers of length 40 or more. Finally, the solid is eluted with a 
solution of sodium pyrophosphate and the eluate is analysed. 

Montmorillonite is a very effective catalyst for the oligomeriza- 
tion of nucleoside 5 , -phosphorimidazolides 5 ' 6 . We therefore stu- 
died the elongation of the decanucleotide [ 32 P]dA(pdA) g pA 
adsorbed on Na + -montmorillonite by daily additions of ImpA 
(Fig. 1). Polyadenylates containing more than 20 monomers were 
formed after ‘feeding’ twice with ImpA, with the main products 
being 11-14-mers (Fig. 2). Polynucleotides containing more than 
50 monomers were formed after 14 feedings, with the principal 
oligomeric products containing 20-40 monomer units (Fig. 2). A 
small amount of the pyrophosphate-capped primer was the only 
product observed after a 12-day reaction in the absence of 
montmorillonite (data not shown). 
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FIG. 1 Elongation of a decanucleotide by reaction with ImpA: Im is 
imidazole, pA is adenosine-5'-phosphate, pdA is 3'-deoxyadenosine-5'- 
phosphate. and 32 P indicates a radioactrvely labelled phosphate group. 

NATURE • VOL 381 * 2 MAY 1996 


The oligomerization of glutamic acid in the presence of the 
condensing agent carbonyl diimidazole is a very efficient reaction 
that proceeds via an /V-carboxy anhydride intermediate 7 . The 
products of a reaction using a relatively dilute solution of the 
amino acid are illustrated in Fig. 3n. Oligomers up to the 10-mer 
can be detected, but the great majority of the products are shorter 
than the 5-mer. If the reaction is carried out in the presence of 
illite, the shorter oligomers remain in the supernatant and longer 
oligomers adsorb to the mineral. There is no evidence for catalysis 
by the mineral. The products eluted from the mineral after 10, 25 
and 50 feedings are illustrated in Fig. 3b, c and d , respectively. 
After 50 feedings oligomers up to at least the 55-mer can be 
detected, and the bulk of the adsorbed product is in the size range 
30-50. 

/!/ / r 


/ . '■ /■ 




Day 


8 14 


1 

< 



1 2 3 4 5 6 

FIG. 2 Gel electrophoresis of the polyadenylates formed by the elongation 
of [ 32 PldA(pdA) a pA. Migration positions of size markers (for 10- , 20- , 30- 
and 40-mers) are shown on the right. dA(pdA) 8 pA is prepared on an Applied 
Biosystems 391 DNA synthesizer initiated by adenosine attached to porous 
glass beads (Milligen). The deblocked oligomer is phosphorylated with a 
mixture of T4-polynucleotide kinase (New England Biolabs) and ly- 33 P]ATP 
(Amersham) and the product is deionized and purified on a Nensorb 
(duPont) column. The primer migrated as one band on gel electrophoresis 
in a 20% polyacrylamide denaturinggel using a buffer of 0.09 M Tris-borate 
and 0.002 M EDTA (TBE) buffer, pH 8. The primer (~500,000c.p.m.) is 
dissolved in 40 pi buffer (0.1 M HEPES, 0.1 M NaCI, 0.075 M MgCl a , pH 8) 
and added to 2 mg Na~-montmorillonite in a Gelman 4937 Z-spin filtration 
unit containing a 0.45-pm filter. To this is added sufficient ImpA to give a 
15 mM solution. The reaction mixture is vortexed and allowed to stand for 
one day at 25 C. The tube is then centrifuged to remove the aqueous phase 
from the montmorillonite and then washed with 40 pi of the buffer reaction 
solution. Fresh ImpA and buffer salt (total volume 40 pi) are added to the 
clay-oligomer complex in the filtration tube and the reaction allowed to 
proceed for another day. Six reaction tubes are prepared and, after 
appropriate numbers of incubations, gel products are eluted from the 
montmorillonite by 3 x 40 pi washes of 0.1 M pyrophosphate (pH 9). The 
combined washes are deionized on a Nensorb column and analysed by gel 
electrophoresis on a 20% gel using TBE buffer. 
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FIG. 3 Polymerization of glutamic acid (Glu) 
on illite. a, Control reaction in the absence of 
illite; b, eluate after 10 feedings; c, after 25 
feedings; d t after 50 feedings. A marker of 
authentic (Glu) 10 is added to the samples in b 
and cf. Illite (10 mg or 20 mg) is weighed in a 
microfugetube. As illite cannot be divided into 
aliquots accurately, a separate tube is pre- 
pared for each reaction sequence. A solution 
of activated monomer is prepared by adding 
20 mM l-GIu (pH 8.0) to a 2.5-fold excess of 
dry, solid carbonyl diimidazole at OX. The 
solution is kept at 0 C C for lmin, after which 
50 pi aliquots are pipetted into the illite-con- 
taining reaction tubes. The tubes are vortexed 
to suspend the illite and then tumbled at room 
temperature. After 6 h the tubes are spun for 
lmin, the supernatant is removed, and an 
aliquot of freshly prepared activated glutamic 
acid is added. The tubes are vortexed to 
resuspend the illite and tumbled for 18 h. 
The tubes are then spun again for lmin, the 
supernatant removed, and activated glutamic 
acid is again added. The sequence is 
repeated, with alternating incubations of 6 
and 18 h until the illite has been ‘fed’ an 
appropriate number of times. The reaction 
tubes are then spun for 1 min, and the super- 
natant set aside. The solid is washed four 
times with 250 pi water. It is then eluted 
with each of three 500-pl aliquots of 20 mM 
K4p 2 0 7 for 15 min. The eluates are combined 
and analysed by HPLC on RPC-5 using a 
perchlorate gradient (pH 8; 0-0.03 M in 
40 min). 
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We have also used a water-soluble carbodiimide, N-p-dimethyl- 
aminopropyl)-ALethylcarbodiimide hydrochloride (EDAC) as a 
condensing agent for the polymerization of aspartic acid on the 
surface of hydroxylapatite. In this system both of the carboxyl 
groups of the amino acid are activated, so branching is possible. 
Because this leads to a complex family of isomers for each 
molecular weight, individual peaks corresponding to longer oligo- 
mers are poorly resolved in the high performance liquid chroma- 
tography (HPLC) traces. Figure 4 shows elution profiles of the 
products formed in homogeneous solution, and the compositions 
of the materia] eluted from the mineral after different numbers of 
‘feedings*. Clearly, very large amounts of material of high molec- 
ular weight are accumulated. After 30 feedings, most of the 
product is retained by the mineral under our standard elution 
conditions. 

The ‘feeding* protocol that we have outlined is a plausible 
model of prebiotic polymerization. The repeated incubations with 
low concentrations of activated monomers simulate conditions in 
environments where rocks are in constant contact with low con- 
centrations of activated substrates or are episodically washed with 
higher concentrations. The model is robust in the sense that the 
presence of a large excess of unactivated substrate does not inhibit 
chain elongation. Thus a solution containing 1 pM of activated 
monomer in the presence of 100 pM unactivated monomer could 
yield only dimers in homogeneous solution but, on mineral 
surfaces, would extend a primer almost as efficiently as a pure 
1 pM solution of the activated substrate. 

The model as presented so far could lead to the covering of 
mineral surfaces by polymers of enormous length. In most rele- 
vant polymerizations, however, hydrolysis and chain termination 
would intervene. It is hard to discuss chain termination in a 
systematic way, as it depends on the idiosyncracies of the system 
under investigation and on the assumptions made about the 
prebiotic environment. The consequences of hydrolysis can be 
treated more systematically. 

A simple calculation shows that the mean chain length 
n « {[f h (l/2)]/(f c (l/2)]} 05 where / c ( 1/2) is the half-time for 
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chain elongation and f h ( 1/2) is the half-time for hydrolysis of 
each of the bonds in a polymer. It follows that, even if as much 
as one residue were added each day, the bonds in the resulting 
polymer would have to be stable for two or three years to achieve a 
mean chain length of 30. As elongation on the primitive Earth 


FIG. 4 Polymerization of aspartic acid on 
hydroxylapatite using N- ethyl -/V'-dimethy- 
lami nopropyl -carbodiimide (EDAC) as 
condensing agent. The elution profile of a 
reaction mixture after a single incubation 
in the absence of mineral is labelled ‘h’; 
the other traces correspond to products 
eluted after the designated numbers of 
cycles. Reactions were carried out at room 
temperature; each reaction tube con- 
tained 40 mg hydroxylapatite; the reaction 
solution contained 50 mM aspartic acid 
(pH 6.0) and 50 mM EDAC. To start the 
experiment, an aliquot (100 pi) of a freshly 
prepared solution of aspartic acid and 
EDAC is added to 40 mg hydroxylapatite 
in an 0.7 ml Eppendorf tube at room 
temperature. After 3.5 h, the tube is cen- 
trifuged, the supernatant is removed, and 
an aliquot of freshly prepared reaction 
mixture is added to begin the next cycle. 
30 After three cycles, the tubes are stored 

25 overnight at 4 C C in the absence of super- 

natant. After an appropriate number of 
10 cycles, the solid is washed 4 times with 
5 250 pi water, and then eluted with each of 

3 two 250-pl aliquots of 20 mM K^O, for 
15 minutes. An aliquot of the combined 
eluate (25 pi) is mixed with 2 ml starting 
h buffer (pH 8) and analysed by HPLC on 
RPC-5; the reaction products are eluted 
from the column using a linear gradient of 
NaCI0 4 (pH 8; 0-0.06 M, 80 minutes). 
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cannot have been rapid, only stable polymers such as peptides and 
nucleic acids could have accumulated from aqueous solution. 
Esters, for example, would have hydrolysed too quickly. 

We have described experiments with negatively charged 
polymers, but the model is not restricted to these compounds. 
In principle it should apply, for example, to the synthesis of 
sulphydryl-containing polymers on metal sulphides or to the 
synthesis of positively charged polymers on cation-exchanging 
minerals. We have extended the method to the synthesis of 
copolymers in an obvious way by incubating with a mixture of 
activated amino acids or by incubating successively with different 
activated amino acids. 

The arguments presented above suggest that the minerals on 
the primitive Earth would have provided a ‘library’ of surfaces for 
the exploration of molecular evolution. Substrate-mineral com- 
binations that lead to surface catalysis would be advantageous as 
sites for the development of a genetic system, but catalysis, 
although beneficial, is not essential. The feature lacking in our 
experimental systems is the ability of adsorbed molecules to 
replicate. In this regard, studies of template-directed reactions 
of nucleotides on surfaces' 89 and experiments related to those 
described above but involving template-directed ligation, are 
encouraging 4 . The possibility of simpler surface-bound replicating 
systems remains to be explored. □ 
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